Study design: Prospective, observational study. Objectives: To assess the spinal cord function intraoperatively in subjects during spine stabilization for spinal cord trauma, by recording muscular (m-MEPs) and epidural motor evoked potentials (e-MEPs, D wave) along with cortical and epidural somatosensory evoked potentials (e-SEPs) and predicting the outcome of spinal cord injury (SCI). Setting: Regional Trauma Center, Torino, Italy. Methods: Fifty-five patients were intraoperatively studied during posterior spine stabilization surgery for traumatic SCI. In all, 21 of these had complete SCI, 14 an incomplete SCI-6 of them with central cord syndrome and 1 with central cord plus Brown Sequard syndrome-and 20 patients were neurologically uncompromised. Results: The neurophysiologic profile of the complete SCI was the absence of both m-MEPs and e-MEPs caudally to the lesion site, associated with a lack of cortical and e-SEPs cranially to the lesion site. None of these patients recovered motor function in the follow-up. A clearly detectable caudal D wave was associated with motor recovery even in deeply paraparetic patients. In one neurologically incomplete patient a reversible deterioration of m-MEPs and e-MEPs was observed during the compression-distraction manoeuvre. Conclusion: Intraoperative neurophysiological evaluation of SCI patients can provide information about spinal cord function that is not retrievable by other clinical means and can correctly predict neurological outcome. Intraoperative testing during early stabilization of the spine of deeply paraparetic SCI patients provides additional information about their neurological profile.
INTRODUCTION
Despite developments in neuroimaging, pre-surgical, surgical, postsurgical care and rehabilitation, spinal cord injury (SCI) remains a major cause of disability.
However, recent advances in knowledge of basic spinal cord function mechanisms have led to the development of therapeutic options that make the repair of the injured spinal cord possible. A large number of preclinical studies or clinical trials are currently in progress or developing, based on the pharmacological, biological or bioengineered approach. 1 However, to test the efficacy of these new, promising treatments, a crucial point is functional evaluation of the acutely spinal cord-injured patient. Functional assessment and prognosis are at present still dominated only by clinical findings; 2 nevertheless recent studies have shown that the potential for spontaneous improvement (that is, not determined by new therapies) is greater than previously reported. 3 Conventional clinical neurophysiologic studies in the acute phase fail to predict recovery in a relevant percentage of patients. 4, 5 However, electrophysiological measures could provide information about spinal pathways that are not retrievable by clinical examination and might have additional value in prediction of functional outcome. 6, 7 In various animal models of experimental SCI motor evoked potentials (MEPs) and somatosensory evoked potentials (SEPs), particularly invasive recordings, have proved to be sensitive measure of post-injury sensory motor performance. [8] [9] [10] On the other hand, the last years have been testimony to the development of well-established techniques to intraoperatively assess spinal cord function during spine and spinal cord surgeries. [11] [12] [13] Particularly, the combined recordings of muscle MEPs (m-MEPs) and the epidurally recorded D wave provide relevant prognostic information on motor outcome. 11, 14 Neurophysiologic techniques can be therefore applied intraoperatively with the aim to define the neurophysiologic profile of the acutely SCI patient, to identify biological marker of functionally complete spinal cord lesion and to assess chances for recovery, particularly motor outcome.
MATERIALS AND METHODS
Intraoperative recording of m-MEPs and epidural D wave along with cortical (c-SEPs) and epidural (e-SEPs) SEPs was attempted in 55 patients during posterior stabilization surgery for SCI. In all, 21 patients had a complete SCI, 14 an incomplete SCI-6 of which with central cord syndrome and 1 patient with central cord plus Brown Séquard syndrome-and 20 patients were neurologically uncompromised. All patients gave informed consent after being told that potential risks included: seizures, skin burns from stimulating electrodes, tongue bites, cardiac arrhythmias, inadvertent injury caused by transcranial electrical stimulation-induced movement, epidural bleeding or infections. Patients with implanted heart pacemakers or brain stimulators and subjects with SCI distal to the bony level T10 were excluded from the study. Patients were preoperatively clinically assessed, by the ASIA (American Spinal Cord Injury Association) and modified McCormick scales, within 12 h after surgery, 7 days after surgery and at discharge. Although McCormick scale 15 has been proposed for intramedullary spinal cord tumours, it provides a quick evaluation of neurological status and can be used in other types of spinal cord pathologies (Table 1) .
Methods
The anaesthetic protocol during surgery included a combination of the two drugs, Remifentanil and Propofol, with total intravenous anaesthesia. No muscle relaxants were used after patient's induction and intubation.
Two flexible three-contact platinum epidural electrodes (CEDL-3PIDINX, Ad-Tech Medical Instruments Corporation, Racine, WI, USA) were inserted cranially and caudally to the injury site through a small laminectomy or flavectomy, to monitor both epidural MEPs (D wave) and SEPs during surgery. The three contacts were numbered 1-3 with electrode 1 close to the edge. Commercially available intraoperative neurophysiology system (Nicolet Endeavour; Natus Medical Incorporated, San Carlos, CA, USA) was used for SEPs stimulation and recording.
Somatosensory evoked potentials
SEPs were elicited by a 100-or 200-ms square-wave electrical pulse presented sequentially to median nerve at the wrist and posterior tibial nerve at the ankle (rate 4.1-7.1/s, stimulus intensity adjusted individually from 20 to 40 mA). The mixed (sensory and motor) nerve potential was recorded at the popliteal fossa. To optimize the montage, monopolar needle electrodes were placed at Cz 0 , C3 0 , C4 0 and Fz (international 10-20 EEG system) and the best traces among Cz 0 -Fz, C3 0 -Fz, C4 0 -Fz, C3 0 -C4 0 and C4 0 -C3 0 were used for monitoring. The acquisition bandwidth was 1-3000 Hz; a digital filtering (typically 20-30 to 300-500 Hz) was applied to improve the quality of signal. 16 Analysis time was 100 ms; averaging was stopped manually when c-SEPs were clearly reproducible. Similar stimulation and filtering parameters were used for epidural SEPs (e-SEPs): the recording montage was electrode 3 to 2 or 2 to 1 (active to reference) for the rostral electrode and vice versa for the caudal electrode in regard to the lesion site.
Muscle motor evoked potentials m-MEPs were elicited with a 50-or 500-ms duration of transcranially applied trains of 3-7 electrical pulses, with interpulse interval of 2-4 ms, delivered with two corkscrew-type electrodes inserted over the motor cortex regions at C1, C2, C3 and C4 (international 10-20 EEG system). A C1-C2 or C3-C4 dipole was used to elicit right m-MEPs, and vice versa. Stimuli were delivered through commercially available constant-voltage and constant-current stimulators (D185; Digitimer, Welwyn Garden City, UK; pulse width ¼ 50 ms, voltage 200-700 V or CRO STIM 2, SGM, Split, Croatia, EU; pulse width ¼ 500 ms, current 80-200 mA). Responses were recorded on the same instrument used for SEPs.
Muscle responses were recorded by needle electrodes placed in muscles with a belly-tendon montage from the abductor pollicis brevis (APB) in the upper extremities and both the tibialis anterior and the abductor hallucis muscles in the lower extremities. The time base was 100-200 ms and the filter band pass of 30-150/500-3000 Hz. A bite block consisting of rolled gauze was used after induction to avoid lips or tongue bites. Intraoperative EPs in SCI P Costa et al
The recording montage was electrode 1 to 2 (active to reference) and/or 2 to 3 for the rostral electrode and 2 to 1 and/or 3 to 2 for the caudal electrode so as to obtain the same response polarity from both electrodes montage.
RESULTS
All uncompromised patients showed recordings of the motor and sensory evoked potentials from the upper and lower extremities within normal limits (Figure 1) . No significant evoked potential modifications were observed in any case, and none of the subjects presented postoperative neurological deficits.
In all clinically complete SCI patients, the intraoperative neurophysiological profile was characterized by the absence of both m-MEPs and D wave caudal to the lesion site associated with the lack of c-SEPs and e-SEPs cranially to the lesion site (Figure 2) .
None of these patients recovered neurologically (Table 2) . In one subject, with an ASIA-A, and C5 SCI level, the presence of m-MEPs recorded from the APB correctly predicted the recovery of hand but not leg function (Figure 3) .
The intraoperative neurophysiologic pattern of neurologically incomplete SCI patients generally mirrored the clinical presentation, but a clear caudal D wave, even if with low amplitude values, was recordable in all subjects. In particular, in central cord syndrome the neurophysiological profile was characterized by the presence of the D wave caudal to the injury site but absent or low voltage m-MEPs from hand muscle (Figure 4) .
Three out of fourteen neurologically incomplete patients (Table 3) One 69-year-old male (Table 3 , patient no. 2), had a clinical history of liver cirrhosis and diabetes. He had minor brain trauma due to a fall (brain CT and cervical X-ray were normal). Twenty-four hours later he developed a rapid evolving tetraplegia (in a matter of hours he could move only the big toe bilaterally). A cervical MRI showed a hyperintensity at C4-C5 level. The day after, a cervical decompression 
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Abbreviations: BS, Brown-Sequard syndrome; Fu, follow-up; MEPs, motor evoked potentials; m-MEPs, muscle MEPs; NP, not placed; SCI, spinal cord injury; SEPs, somatosensory evoked potentials; þ , present; À, absent; ±, unilaterally identifiable.
Similarly another patient (Table 3 , no. 13) was found deeply paraparetic (only flickering movements of the great toe were possible) due to a fall. Light touch sensation was grossly intact throughout lower extremities, whereas pinprick sensation was absent caudal to T4 level. An MRI scan showed a T2-T3 fracture dislocation with a T2-T4 spinal cord hyperintensity. Again, although m-MEPs from lower limbs were unexcitable, a clear defined caudal D wave correctly predicted a good outcome ( Figure 6 ). The patient fully recovered in 3 months.
In 1 out of the 14 neurologically incomplete SCI patients (Table 3 , patient no. 7) during surgical manoeuvre for decompression traction for spine alignment, deterioration of m-MEPs and reduction in amplitude of the D wave occurred. m-MEPs and D wave returned to the baseline after stopping of the manoeuvre (Figure 7 ).
DISCUSSION
The prognosis of acute SCI, in particular motor outcome, represents a challenge for the involved health-care professionals. Nowadays the functional assessment and the magnitude of expected recovery are based on the physical examination, as tested by ASIA scoring, within 72 h to 1 month post trauma. 2 However, as afore mentioned, recent data suggest that the rate of ASIA conversion within the first year after SCI is greater than previously reported. 3 Conventional clinical neurophysiology techniques have been extensively studied in the SCI patient, but mainly in chronic phase and in association with the clinical examination. In particular both c-SEPs and m-MEPs by transcranial magnetic stimulation in the acute phase may fail to provide a correct prognosis of recovery in B25% of cases. 4, 5 However clinical neurophysiology methods, by their intrinsic nature, can provide (semi-) quantitative information, in terms of presence/ absence, latency and amplitude of components. 7, 17 Our data provide evidence in favour of an intraoperative testing of spinal cord function in SCI. In fact, intraoperative neurophysiologic reliable methods to predict functional integrity of the long tracts during surgical intervention to the spinal cord has been already developed and well established. [11] [12] [13] This is particularly true for 14 The information provided by these two techniques are complementary, being the D wave generated by the direct activation of axons of fast conducting fibres of the cortico-spinal tract, 18 while m-MEPs depend also on the excitability of facilitatory cortical motor neurons, beyond the spinal cord conductivity and the excitability of lower motoneurons. 14 In this series the absence of both m-MEPs and e-MEPs caudal to the lesion site associated with a lack of epidural and c-SEPs cranially to the lesion site has to be considered as a biological marker of a complete SCI. This is consistent with data in non-primate and primate animal models of experimental SCI. [8] [9] [10] By contrast, a clearly detectable caudal D wave is the pre-requisite of motor recovery even in deeply paraparetic patients. In fact, the D wave is a direct measure of the number of functioning fast-conducting fibers in the corticospinal tracts. 18 Since no synapses are involved between the stimulating and the recording site (the proximal axon of the cortical motoneuron is stimulated and the recording site is located caudal to the lesion site but cranially to the synapses at the a-motoneuron), the D wave has been considered as the gold standard in the assessment of the integrity of the corticospinal tract. 14 Many reports show that if the D wave is lost during the removal of an intramedullary spinal cord tumour, the patient will suffer from profound, persistent motor deficit. 11, 14, 19 Recently Eck et al. 20 reported that the possibility of recording intraoperatively evoked m-MEPs in sublesional muscles of an SCI patient correlates with a good motor outcome: this finding is similar to our patient no. 14 of Table 2 . However in our series the absence of muscle MEPs below the lesion site does not correlate 'per se´' with persistent loss of ambulatory capacity. In other words, the recording of m-MEPs alone may not be sufficient for a prognostic evaluation. Indeed, m-MEPs are, at times, completely lost during surgery for intramedullary spinal cord tumours but, if the D-wave amplitude is either stable or decreased by o50%, the patient will present additional transient motor deficit postoperatively but motor strength recovery after surgery, with a delay of hours or days. 11, 14, 19 This phenomenon ('transient paraplegia') is probably due to the surgically induced temporary inactivation of non-corticospinal descending tracts and propriospinal system, while fast-conducting corticospinal fibers are mostly preserved. 14 The speculative mechanism of transient Figure 6 Intraoperative MEPs of patient 13 of Table 3 . Although lower limbs muscle MEPs were absent, the recordability of caudal D wave (*) correctly predicted the motor outcome. The ptn-SEPs were bilaterally present. paraplegia has at least some similarity to the current hypothesis about the 'spinal shock' phenomenon. In theory, a similar phenomenon could be present in SCI and, therefore, the intraoperative recording of the D wave could be a potential predictive index of recovery. An experimental study reported that as few as 10% of the corticospinal fibres were sufficient to support locomotion. 21 Finally, although this study is mainly focused on MEPs, SEPs retain a great value in assessing dorsal column function, such as proprioception, which is of paramount importance even for locomotion.
CONCLUSIONS
To the best of our knowledge, the combined intraoperative recording of m-MEPs and e-MEPs along with c-SEPs and e-SEPs in cases of spinal and spinal cord trauma has not been previously reported.
The intraoperative recording of m-MEPs and e-MEPs along with c-SEPs and e-SEPs allow for a separate assessment of motor and sensory function in SCI.
In complete transaction syndrome, the intraoperative finding is characterized by the absence of both m-MEPs and e-MEPs caudal to the lesion site associated with a lack of epidural and c-SEPs cranially to the lesion site.
The presence of D waves beyond the lesion site generally confirms incomplete SCI for an accurate prediction of subsequent functional recovery even if m-MEPs were absent.
In one of our cases with C5 SCI of ASIA-A, m-MEPs elicited from the completely paralyzed APB muscles correctly predicted the functional recovery of the muscles (Figure 3) , which was otherwise escape prediction.
Finally, in uncompromised subjects, the intraoperative monitoring of both motor and sensory functions may reduce the risk of postoperative neurological compromise.
These data created a neurophysiologic profile of the SCI patients concerning conduction system of the spinal cord, as a background for a further expansion of neurophysiologic testing to the grey matter of the spinal cord (processing system) and further categorization, intervention and rehabilitation strategies.
DATA ARCHIVING
There were no data to deposit. (Table 3 , patient No. 7). During surgical manoeuver for decompression traction for spine alignment deterioration of muscle MEPs and D wave (*) occurred. Muscle MEPs ad D wave started to return to the baseline after stopping manoeuver and completely recovered at the end of surgery. RAPB, right abductor pollicis brevis; RTA, right tibialis anterior; RAH, right abductor hallucis.
